We probe the spin dynamics in a thin magnetic film at ferromagnetic resonance by nuclear resonant scattering of synchrotron radiation at the 14.4 keV resonance of 57 Fe. The precession of the magnetization leads to an apparent reduction of the magnetic hyperfine field acting at the 57 Fe nuclei. The spin dynamics is described in a stochastic relaxation model adapted to the ferromagnetic resonance theory by Smit and Beljers to model the decay of the excited nuclear state. From the fits of the measured data the shape of the precession cone of the spins is determined. Our results open a new perspective to determine magnetization dynamics in layered structures with very high depth resolution by employing ultrathin isotopic probe layers.
Spin waves, collective excitations of the magnetization, are key features of magnetic materials as they determine switching times and energy losses during magnetization reversal. They play a crucial role for new concepts of logical operations, spin-torque oscillators, or signal processing, and constitute the basis of the emerging field of magnonics [1] . Spin waves are often probed by inelastic scattering techniques like Raman scattering, Brillouin light scattering, or inelastic neutron scattering that rely on analysis of the energy transfer to the scattered particles. We show that resonant spin dynamics can be probed by coherent elastic scattering, namely nuclear resonant scattering of synchrotron radiation (NRS) [2, 3] . Since NRS is an x-ray technique, it opens the possibility to combine it with diffraction methods to obtain very high spatial resolution [4] down to atomic length scales [2] . Moreover, as NRS probes the nuclear decay of an excited Mössbauer isotope it allows to employ ultrathin isotopic probe layers to achieve sub-nm depth resolution [5] .
The application of conventional Mössbauer spectroscopy as well as NRS has given indirect access to thermally excited spin waves in ferromagnets via the temperature dependence of the magnetic hyperfine field that exhibits the same temperature dependence as the magnetization in these materials [6] [7] [8] . In contrast to a broad thermally excited spin wave spectrum we induce a single coherent mode by resonant excitation with radio frequency (rf) magnetic fields. This is one approach typically used in magnonic devices to obtain the desired functionality [9, 10] .
The impact of rf magnetic fields on conventional Mössbauer spectroscopy has so far been studied at MHz frequencies that are well below ferromagnetic resonances. It was shown that lowfrequency spin waves in paramagnetic media can induce magetic phase modulations of the nuclear states [11] . A collapse of the magnetic hyperfine field arises from a fast periodic switching of the magnetization [12, 13] . The sideband effect originates from acoustic vibrations induced by magnetostriction [13, 14] . Also Rabi oscillations have been observed where the rf field directly couples to the nuclear transition [15] . Ferromagnetic or spin wave resonances at GHz frequencies have not been investigated with Mössbauer spectroscopy or NRS so far. This is the case to be studied here.
In this letter we show that NRS measurements enable to extract the trajectory of the spins during coherent precession at ferromagnetic resonance. The opening angle of the precession is an essential parameter for spintronics like, e.g., in spin pumping [16, 17] or in the spin dynamo [18] .
So far the determination of the opening angle from experiments appeared to be challenging. Values for opening angles averaged over time and space have been determined by anisotropic magnetoresistance measurements for assumed circular trajectories [19, 20] , an assumption that is justified 2 only in a few special cases like in a spherical particles without crystalline anisotropy.
We performed NRS measurements on ferromagnetic thin films excited at ferromagnetic resonance. The influence of spin dynamics on the NRS signal is analyzed in a stochastic relaxation model [21, 22] adapted to the ferromagnetic resonance theory of Smit and Beljers [23] . With this method the exact shape of the precession orbit is determined. This capability arises from the high sensitivity of NRS to the magnetization direction.
NRS under grazing incidence [3] is performed at the Dynamics beamline P01 [24] Fig. 1(a) . The stoichiometry of permalloy is confirmed by energy-dispersive x-ray spectroscopy.
The sideband effect is negligible in permalloy due to the low magnetostriction and the high frequencies [15] . Because the ferromagnetic resonance of the film is only effectively excited right above the 10 µm wide stripline, any NRS signal from non-excited parts of the magnetic film is blocked by a highly x-ray absorbing bilayer of 7 nm Al and 30 nm Au on top of the magnetic film.
The sample is illuminated under grazing-incidence at an angle ϕ of 4.36 mrad, the critical angle for total reflection where the nuclear signal reaches its maximum [25] . The 10 × 800 µm 2 part of permalloy film is completely illuminated by the microbeam under grazing incidence.
External fields are applied in the plane of the film. The stripline is connected to a vector network analyzer that serves as a signal source for the high frequency excitation as well as detector for the transmitted signal. Figure 1 (b) shows an electrical absorption spectrum of the film where Fig. 2 complemented with fits using the NRS evaluation package CONUSS [28] .
From the calculations the hyperfine field distribution of the permalloy film at about 27.6 T is deduced as shown in the inset of Fig. 2 . Isomer shift and quadrupole splitting are 0.134 mm/s and 0.020 mm/s, respectively, similar to values found in previous studies on permalloy [29] .
In the following the Kittel mode is excited at different static fields applied parallel to the incoming beam. Time spectra for a constant external field of 5 mT at different radio-frequency magnetic field amplitudes h rf are shown in Fig. 3(a) . The resonance frequency is 1.93 GHz as determined from the electrical absorption measurements. The overall shape of the time spectra alters with increasing excitation field. A shift of the extrema to later times with increasing dynamic field is visualized in Fig. 3 However, here we excite only one coherent mode which allows to determine dynamic magnetic properties under conditions of ferromagnetic resonances.
The hyperfine interaction energy E hf = (m e g e − m g g g )B hf = ω hf determines the time scale for dynamic effects on the NRS signal [30, 31] . Here m g and m e are the magnetic quantum numbers and g g and g e are the g-factors of the ground and excited states, respectively. For hyperfine fields observed in permalloy of 27.6 T the frequency ω hf /2π is in the order of a few ten MHz. For any change of the hyperfine field much faster than 1/ω hf the nucleus cannot follow the hyperfine field and it experiences an effective hyperfine field resulting from temporal averaging over the relatively long life time of the nuclear excited state. This situation corresponds to the fast relaxation regime. As a consequence a reduced effective hyperfine field is observed for a precession of the magnetization around the equilibrium direction. Moreover, the high sensitivity of NRS to the magnetization direction, as shown in Fig.2 , yields the capability to determine the precession orbit of the magnetization because its dynamic in-plane and out-of-plane components influence the time spectra.
For a quantitative evaluation of the influence of the spin wave on the time spectra calculations within the stochastic relaxation model are performed [21, 22] directions with transition rates t nm between field directions n and m. We model the spin precession by eight points on the precession cone as shown in Fig. 4 (a) . The transition matrix is chosen to allow transitions between neighboring points in a way that supports only one sense of rotation as realized in the experiment [25] . The transition rates equal the inverse period of the spin wave meaning that every transition is performed once per cycle.
The field directions on the precession trajectory have to be modeled for the CONUSS calculations. In the thin film the demagnetization field has to be considered that leads to an elliptical precession. We deduce the precession trajectory of the magnetization from the Smit-Beljers formulation of the ferromagnetic resonance [23] . The Smit-Beljers formulation yields a set of coupled differential equations for the dynamic components δϕ and δϑ of the azimuthal angle ϕ and polar angle ϑ of the magnetization (see Fig. 4) [32] where γ is the gyromagnetic ratio, ϑ 0 is the equilibrium polar angle, and F is the free energy density. The indices of F indicate partial derivatives at equilibrium positions. From Eq. (1) we derive the ratio of the dynamic angles at resonance
To get the correct ratio for our evaluation the angular components have to be decoupled (F ϕϑ = F ϑϕ = 0) meaning that the magnetization lies in the azimuthal plane. Then, Eq. (2) simplifies to
For a thin film magnetized in the plane without crystalline anisotropy the free energy density
where ϕ is the in-plane angle between magnetization and external field. At equilibrium the magnetization and external field are parallel and we
This ratio for the film, shown in Fig. 4(b) , is inserted in the CONUSS calculations for the parametrization of the precession cone. For example, the experimental conditions presented in Fig. 3 with an external field of 5 mT yield a ratio of 13.0 (see Fig. 4(b) ). The maximum dynamic in-plane angle δϕ is the only free parameter in the fits of the time spectra under spin wave excitation. For increasing excitation fields the opening angle increases as well, while the gain is lower at higher fields (Fig. 4(c) ). With an excitation field of 0.4 mT the opening angles around resonance In summary we have shown that the magnetic hyperfine field is significantly reduced at ferromagnetic resonance. From this reduction one can deduce the cone angle of the spin precession in the thin fim. The measured hyperfine field reduction should be present for all kinds of spin dynamics not only at ferromagnetic resonance. The technique is also applicable to non-zero wave vectors like propagating or confined spin waves due to the nature of the scattering process. The overall good agreement of the micromagnetic simulations and the evaluated data demonstrate the feasibility to study spin dynamics with high accuracy via NRS. The method's isotopic-sensitivity can be employed to study depth profiles and interface effects [5] related to spin dynamics. Combination of grazing-incidence diffraction and time-resolved NRS will enable three-dimensional mapping of spin waves confined in nanostructures.
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